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Polychromatic object recognition based on circular whitening preprocessing of red–green–blue components and
multichannel matched filtering is described. Computer simulations and experimental results are provided
to facilitate recognizing a color target among objects of similar shape but with different color contents.
Experimental results are obtained with an optical correlator with two spatial light modulators, one to introduce
the scene and the second one to introduce the filter.  1996 Optical Society of AmericaColor pattern recognition based on optical correlation
methods has been a subject of intensive investigations
in the past few years.1 – 5 In general, a color image pro-
vides more information than a monochromatic one, and
therefore additional color information could contribute
in some way to a better correlation performance. Vari-
ous approaches considering how to use the color con-
tents of a signal to improve pattern recognition have
been suggested. One of the simplest ways to take into
account the color content of objects is to carry out corre-
lation filtering in three red–green– blue (RGB) chan-
nels independently, then to make either arithmetic or
logical elementwise operations over the correlation out-
puts, and finally to find signal maxima on the result-
ing correlation plane. Even such a simple approach
using a phase-only filter6 in the multichannel correla-
tion procedure provides good results that one can use
to recognize a target with a given shape and color com-
binations of an object, regardless of what the combi-
nations are.3 – 5 Color information of a signal can be
involved in the recognition process more effectively by
introduction of an elementwise proprocessing of color
components before optical multichannel correlations.
Badique´ et al.2 have developed a means of project-
ing polychromatic images on a generalized color plane.
This method reduces the number of components used in
the correlation process and enhances the ability of the
correlator to discriminate between images of different
colors. Another fruitful approach involves preprocess-
ing of the RGB components on the basis of human per-
ception.7
It is known that the RGB components of the origi-
nal color image are strongly correlated with one
another. We propose to perform component transfor-
mation by carrying out whitening operation along the
color axis.8 The transformed color components can
be considered independent components in the above
sense, and channel correlations can be performed
independently.
The purpose of this paper is to investigate the
performance of color pattern recognition based on RGB0146-9592/96/070498-03$6.00/0component preprocessing (whitening) and multichan-
nel correlations. We show that by using a phase-only
filter in each transformed channel, and then adding
correlation outputs, one can achieve a good recog-
nition performance. In addition, the use of spatial
light modulators in correlation architectures permits
f lexible implementation of correlation experiments
with different images and filters.
The whitening of operation applied over a discrete
sequence is based on the discrete Fourier transform
formalism. Because in this case a discrete sequence
is assumed to be periodic, we refer to the whitening
operation applied over a color signal as a circular
whitening (CW) operation.
Now we consider the CW operation. Let hsnsx, ydj be
a color image, for example, s0sx, yd ; R, s1sx, yd ; G,
and s2sx, yd ; B. Here, x and y are the spatial co-
ordinates and n denotes the index of primary color
components sn ­ 0, 1, 2d. The transformed color com-
ponents hs˜nsx, ydj can be written by use of discrete
Fourier transforms as follows:
s˜nsx, yd ­
2X
k­0
S˜ksx, yd expsi2pkny3d , (1)
where hS˜ksx, ydj is the discrete spectrum of the trans-
formed color image and k is the index of the spectrum
components sk ­ 0, 1, 2d. This discrete spectrum can
be expressed by means of the following whitening
operation:
S˜ksx, yd ­ Sksx, ydyjSksx, ydj , (2)
where hSksx, ydj is the inverse discrete Fourier trans-
form of the input color image along the color axis. Fi-
nally, s˜nsx, yd are obtained directly from Eqs. (1) and
(2) and can be written as
s˜nsx, yd ­ signfs0sx, yd 1 s1sx, yd 1 s2sx, ydg
1
1
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"
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, (3) 1996 Optical Society of America
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s1s2g1/2, with s0, s1, and s2 evaluated at each pixel
sx, yd and signsxd ­ 1 if x . 0, 0 if x ­ 0, and 21
if x , 0. Next we consider the properties of the
above CW operation: (a) the transformed components
become orthogonal in the sense that their circular
autocorrelation function, defined as
Rksx, yd ­ 1/3
X
n
s˜nsx, yds˜sn2kdmodulo3sx, yd (4)
is the Kronecker delta function, that is, Rksx, yd ­
dskd; (b) if the color components R, G, and B of an
Fig. 1. (a)–(c) Test RGB color scene, (d)–(f ) transformed
color scene.input signal are nonnegative (real-life images), then
the range of the transformed signal R˜, G˜, B˜ (from its
minimum to its maximum) is f21, 3g.
Computer simulation and optical experiments are
performed to illustrate the performance of color pat-
tern recognition based on RGB component CW. In
our tests a color scene of four butterf lies with the
same shape but with different distributions of color
is used. The test color image is 256 3 256 pix-
els, and the range of the signal in each channel is
f0, 1g. Figure 1 shows the RGB channels correspond-
ing to the color image. The butterf ly to be recog-
nized is butterf ly B4, following the convention that is
shown in Fig. 1(a). We carry out the correlation f il-
tering between original RGB channels and phase-only
filters matched to the transmission of butterf ly B4
in each channel independently. Summing correlation-
intensity outputs, we obtain the resulting correla-
tion plane. We call this method direct RGB. Table 1
gives the results for every butterf ly.
Figures 1(d)–1(f) show three new images obtained
after the whitening procedure described above. The
range of these transformed images is f21, 3]. The
background of the images is equal to zero. Those
parts of Figs. 1(d)–1(f) that are darker than the
background are negative, and those parts that are
brighter than the background are positive. Phase-
only f ilters have been matched to the transmission
of butterf ly B4 in each transformed channel inde-
pendently. Table 1 gives the numerical values of the
correlation peaks after the addition of intensities on
correlation planes obtained with these three new chan-
nels. We refer to this method as circular whitened
RGB (CW RGB). One can see an improvement in
the recognition process because false alarms are re-
duced and the discrimination capability is increased
very much.
A drawback of using the whitening procedure in
optical pattern recognition is the need to introduce a
whitened scene with positive and negative values in an
optical setup. Different techniques can be applied to
solve this problem. Recently, the introduction of the
input scene in an optical setup as a phase-encoded
image was proposed.9 – 11 We transform a transformed
image f sx, yd into a phase-only image f sx, yd in the
following way:
f sx, yd ­ expsiphf f sx, yd 2 mingysmax 2 mindjd , (5)
where max and min are the maximum and minimum
values of f sx, yd, respectively. In this way the im-
age f sx, yd has a one-to-one correspondence with theTable 1. Normalized Correlation Peak Valuesa
B1 B2 B3 B4
Method CS EXP CS EXP CS EXP CS EXP
DR RGB 0.92 0.84 0.87 0.82 0.73 0.68 1 1
CW RGB 0.52 — 0.13 — 0.08 — 1 —
PES RGB 0.90 0.85 0.78 0.87 0.70 0.68 1 1
PES WC 0.47 0.60 0.18 0.34 0.14 0.19 1 1
aCS, computer simulation; EXP, experimental results.
500 OPTICS LETTERS / Vol. 21, No. 7 / April 1, 1996Fig. 2. Numerical correlation-intensity distributions for
(a) the phase-encoded RGB color scene in Figs. 1(a)–(c) and
(b) the transformed color scene in Figs. 1(d)–(f ).
Fig. 3. Optical correlation-intensity distributions for (a)
the phase-encoded RGB color scene in Figs. 1(a)–(c) and
(b) the transformed color scene in Figs. 1(d)–(f ).
phase-only image f sx, yd, and moreover we preserve
the monotonicity property of f sx, yd in the encoded im-
age f sx, yd. The latter means that for each three num-
bers V1, V2, V3 in the interval fmin, maxg with, say,
V3 2 V1 . V2 2 V1 . V3 2 V2, the phase-encoding
transformation holds relations between the distances
of the corresponding points V1, V2, V3 on the complex
plane, that is, jV3 2 V1j . jV2 2 V1j . jV3 2 V2j, where
Vi denotes a vector from the origin to the point Vi
on the complex plane. From the properties of CW for
real-color images we have min ­ 21 and max ­ 3. In
this case, the phase-only filter is the conjugated phase
distribution of the Fourier transform of the trans-
formed, phase-encoded target. We call this method
the phase-encoded scene with whitened channels (PES
WC). Table 1 shows the results of a computer simu-
lation and experimental results. We show that by ap-
plying the phase-encoding transformation in Eq. (5) to
the transformed images, we obtain results in terms of
discrimination capability rather similar to those of theCW RGB method. To illustrate the improvement that
can be achieved with CW preprocessing, we compare
three-dimensional pictures of output correlation planes
without and with the whitening (the computer simula-
tion is shown in Fig. 2, and the experimental results in
Fig. 3). In both cases the images are used as phase-
only images. We show that four high peaks are ob-
tained in Figs. 2(a) and 3(a), and no recognition can be
performed. In contrast, from Figs. 2(b) and 3(b) one
can recognize the target with a threshold of 60%. The
corresponding normalized correlation intensity peaks
are provided in Table 1, in which PES RGB denotes the
method with phase representation of the original RGB
components. We note that a good agreement with the
computer-simulated results is obtained.
The optical experiments have been done with an op-
tical convergent correlator that uses two spatial light
modulators. The two modulators were two twisted
nematic liquid crystal panels from the Epson Video-
Projector VP-100PS. These twisted nematic liquid
crystals can be used to perform phase-mostly modu-
lations, so we can use them to introduce the scene as
a phase-only image and to introduce the corresponding
matched phase-only f ilter.
In summary, we have applied whitening preprocess-
ing of color components (RGB) to color pattern recogni-
tion. Computer simulation and experimental results
show that whitening preprocessing of color channels
strongly improves recognition performance.
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